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Size Heterogeneity of Salmonella typhimurium 
Lipopoly&accharides in Outer Membranes and Culture 
Supernatant Membrane Fragments 

ROBERT S. MUNPORD;* CATHERINE L. HALL.' and PAUL D. RICK* 

DtpcrtmtAl of InUrnolMtdicuu and Dtpartnuitt of Microbiology, Uruuertity of Ttxas Health Scienc* 
Center at Dallas. DoUom, T&tom 7S23S 1 and Department of Microbiology, Uniformed Servient Urtivertity of ' 
1Kb Health ScUru**, B*the$da t Mary land 20014* 

Enterobacteriacooe cells growing in liquid media shed fragments of their outer 
merabrmaee. These fragment*, which may constitute a biologically important 
form of gram- n ega ti ve bacterial endotoxin, have been reported to contain proteins, 
phospholipid*, and Upopolysaecharide* (LPS). In this study we compared the 
sizes of LPS molecules in shed membrane fragment* and outer membranes from 
calls growing in broth culture*. Using conditional mutants of Salmonella typhi' 
murium which incorporate specific sugars into LPS, we analyzed radiolabeled 
IPS by sodium dodecyl sulfate-polyacrylamide gel eiectrophoreei*. This tech' 
oique revealed that S, typhimurium LPS are more heterogeneous than previously 
known; molecules possessing from 0 to more than 30 O-chain repeat units were 
identified in outer membrane*, supernatant fragment*, and purified LPS. The size 
distributions of LPS molecules in outer membranes and supernatant fragments 
were similar- supernatant fragments appeared to be slightly enriched in molecules 
with long O-polysaccharide chain*. Our results indicate that LPS molecules of 
many sizes are synthesized, translocated to outer membranes, and released into 
culture supernatants. Since the hydrophilic O- polysaccharides extend from bac* 
terial surfaces into the aqueous environment, our finding* suggest that the cell 
surface topography of this bacterium may be very irregular. We also speculate 
that heterogeneity in the degree of polymerization of O-antigenic aide chain* may 
influence the interactions of the toxic moiety of LPS (lipid A) with host constit- 
uents. 



As Enurobacteriaceae cells grow in liquid 
media, they release membrane fragment* (blebs) 
which have been reported to contain lipopolyr 
saccharide* (LPS), phospholipids, and proteins 
(30). Existing evidence suggests that these frag- 
ments are not released randomly from cell sur- 
faces* They seem to be shed at an early stage of 
outer membrane synthesis <17> and to differ in 
protein compoaitlen from total outer membrane 
(8, 29). The composition of the bleb* and the 
mechanism by which they are released may thus 
provide clue* to the poorly understood process 
of outer membrane assembly. These membrane 
fragments may also be important for s quite 
different reason; it is possible that they resemble 
the form in which toxic LPS (endotoxin) are 
released by gram-negative bacteria growing in 
vivo. There i* no direct evidence to support this 
idea, yet it seems Likely that culture supernatant 
LPS more closely approximate the chemical and 
physical properties of "natural'* endotoxin than 
do the LPS which are extracted from these 



bacteria by hot 4S% phenol, trichloroacetic acid, 
or other standard methods 04). 

Other workers have examined the protein, 
LPS, and phospholipid compositions of super- 
natant membrane fragments of Escherichia coli 
and Salmonella spp. grown under conditions of 
restricted protein synthesis (12, 29} or using 
mutant strains which produce defective LPS (ft, 
12, 17, 29). The present study was undertaken to 
compare the LPS molecule* in supernatant 
blebs and outer membranes isolated from the 
same culture* of growing Salmonella typhimu* 
riurn. We used conditional mutants which incor- 
porate specific sugars into their LPS. Intrinsi- 
cally labeled LPS were analyzed by sodium do- . 
decyl sulfaU-polyacrylamide gel electrophoresis 
(SDS-PAGE), a technique which separatee LPS 
molecules having different polysaccharide con* 
tents (9). We found that the LPS made by these 
strains were unexpectedly heterogeneous in sue, 
and we describe experiments in which this con- 
clusion was validated. The technique we* then 
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used to compare the size distributions of LPS 
molecules in outer membranes And culture su- 
pernatant membrane fragments. 

MATERIALS AND METHODS 
Bacterial strains and media. Three strains of 5. 

typhimurium were provided by M J. Oebom and H. 
C./Wu, University of Connecticut health Center, Far- 
mington. Strain G-30 r which fa deficient in uridine 
eUph<Mphate-galact«aM*epiffieraat, incorporatee ge* 
lactose almost exclusively into LPS (26); galactoae is 
present in both the R-eore and 0*eids chain in S 
ryphunurium (Fig. 1). Strain SL 1030 is deficient in 
phcephomannose isomer*** (28); exogenous menace* 
is utilized solely for O-chain synthesis in this mutant 
Strain SL 2533 ia deficient in both undine diphos* 
phet^gdactcee^pimerase and phosphemannoae 
ifiomerase, ao that its LPS may be labeled with both 
galactose (in core and 0 -chain) and mannoae (in 0- 
chain). 5. typhimurium PR 122 ia a galE nag derive* 
tzve of & typhimurium SU 453 (hisFlQW trpB2 
metA22 xyl-l strASOl F") which was isolated by P. 
Rick by the method of Wu and Wu (32). The galE 
mutation was introduced by P22 transduction, using 
S, typhimurium aa the donor. This strain doea 
not utilise gkiccearnine for growth. In th« afaaenee of 
exogenous galactoae, it mcorporate* glucoaamine into 
lipid A and into peptidoglycan; when eiogenous galac- 
tose ia present, gjucnaamine may also be incorporated 
into the IVcore (Fig. U, This mutant is also deficient 
in uridine o^ctfphste^e^actoae^-epimeraee, ao that . 
the ft<ore and O-chain may be labeled with galactose 
a* described above. Strain SL 1034, an SR mutant 
which ayntheaues LPS that has aainale 0-ehain repeat 
unit attached to the R<orc, was provided by R Nt- 
kaido, Univarmity of California, Berkeley. TT» identi- 
ties of these strain* were confirmed by uaing their 
sugar utilization patterns and seturitivitiea to LP$-sp*> 
cine bacteriophage*. Salmonella minneeota strains 
were provided by 0, LoOrit*. Freiburf, West Ger 
many, Broth cultures of S. typhimurium were grown 
in proteose peptone- beef e*tract~0.5% NaCl <PPBE) 
(26) containing supplements as described below. 

Ra&oieo topee. n^l^Jmannoae (59 mCi/mmoi), 
D{2 *K]maniwee (14.1 Ci/mmoH, and i^fl^lgslac- 
tose (14.2 Ci/mmoi) were obtained from New England 
Nuclear Corp., Bottom Maes. N acfttyl-D-tl-Hlgiu- 
co&amine hydrochloride (11 Ci/mmol) and O^l-^CJ- 
glucoaamine hydrochloride (S7.3 mCl/mmot) were ob- 
tained from Ajmemham Corp., Ariington Heights, HL 

LPS preparation. Cells karveated in the late log- 
arithmic phase of growth were extracted with 45% 
phenol and purified aa previously described (21). LPS 
from S. Minnesota R-core IPS mutants and from S. 
typhimurium 1034 were prepared by the method of 
Galanoa at si <6>; the 5 mtnnesota mutants were 
grown in Trypticase soy broth (BBL Microbiology 
Systems). 

LPS aaeay\ A solid-phase radioimmunoaasay for 
0-antigen was used (21). The standard wsa SL iypAi- 
nurium LPS prepared from strain C-30 grown ia 
PPBE containing 0.5 mM n-galactoae. "Hus ipiy mea- 
sured LPS concentrations over the range from ODOl 
to 5.0 pg/xnl 
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Tig. 1. Salmonella LPS structure. Thm structurt 
of 3. fyphiniurium LPS it shown; subscripts indicate 
Me mtructurti of the S. minnesoUz ft con mutants 
used for gradient SDS PAGE free Fig. 4) Aoe, Aoe- 
quomi Man. mnnnoac; Kha, rhamno*: GoL galac- 
tose; GUNAc. N»ac*tylglucosamvu; Glc. glucose; 
Htp, Aeptose; KDO 0 kstodsvxyoctcncU. The S. min* 
nssoia muUuU strains used and their phsptoty/w (in 
pattntheses) were os follow : BG0 (Ra), R346 (Rb), HS 
(ReJ, R7 mdj. and A595 (Re). Th* Re and Rd x 
mutant* also lack a phosphate attached to heptom 
(18). When prepared from cultures grown without 
galactose, LPS /tan SL typhimurium strains G*30 t SL 
3S3£ and PR 132 have ah Re structure. Each lipid A 
moiety contains two molecule* of glucosamine. 

Growth experiments* To label strain with 
radioactive galactose ICO ml of PPBE ooataining 0.1 
oM ^galactose and l mCi of (*H]galactoee wu in^ 
ocuiated with 2 ml of a growing culture cf strain G*J0 
ceila Cultures were shaken st l&Orpm in s 37° C water 
bsth, and growth was monitored with s Coleman Jun- 
ior U •pectrophotonietar by measuring optical density 
at 540 am (l^can light path; Perldn-Elmtr, Coleman 
Instrtnnents Div^ Oak Brook, DL). Celii were har- 
vested after three to four generations of growth (op- 
tical density at 640 nm, 0.4). chilled rapidly in an tee 
water bath, and pelleted by centrifugation at 16,000 

Mf or 6 mia at 6 B C. Apprajcunatcty Q0% of the 
galactose waa incorporated into ceils under these 
conditiona. Subeequenl steps in the preparation of 
membranes and supernatant blebs were performed at 
lto4 # C. • 

iTo label strain SL 3533 with radioactive m« riv ^ t 
and gtlactoaa t M ml of P?BS containing 100 ^Ci of 
['mgelactose, 10 ad of [ N C)maniioae. 0.01 mM non- 
radioactive galactoae, and 0,01 mM nc&radioactive 
msrmnae waa inoculated with 3 ml of a growing culture 
olceUa Higher galactoae concentre tkms inhibited the 
growth of this strain, Incorporation of mennoaft into 
the ceUe after 3.5 generadons of growth was 66%. and 
incorporsboc of galactose was 92%. 

Strain PR 122 was grown in PPBE containing 0.00 
mM o^uooaamine hydrochloride. The cells in 40 ml 
of medium were labeled with 300 aCi of N*ecetyi- 
(^li^ucosaminc or lS ftCi of [^lglucoaamine. When 
desired, 006 mM nonradioactive O-galsctose waa 
added to perm* synthesis of complete LPS; Ubeting 
with (*H]galactoee was performed as described above. 
Inccjperarion of tabeled glucosamine into cells after 
3.5 generations of growth waa 40 to 00%. 
- Outer membrane separation. Labeled cells were 
suspended in 2 ml of 25% sucrose in 10 mM HEPES 
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{4-(2'hydroxyethylM* p i p »riii«€ ethaneauiTonic acid) 
buffer (pH 7.4) containing 4 pg of RNtM per ml ai>d 
4 pg of DNaae per ml. After disruption in a French 
press aa described by Jones end Of bom (10), the 
preparation was brought to final concentre tione of 20% 
sucrose and 4 mftfl EDTA in 10 mM HEPES. The 
sample waa then layered onto a cushion of 60S sucrose 
and oBntriAjfed at 100,000 * * for d n at 6 to fl'C <4), 
The membrane bands were recovered from the sueroae 
cushion, raauapended in 10 mM HEPES to a aucroee 
concentration of 26 to 30%, end layered onto a 30 to 
66% sucrose gradient UUrecentrifcjptjon wee far 22 h 
at 260,000 x g and 6 to B*C Fractions were collected 
by puACturinf the bottom of the tube, diluted 130 or 
more in distilled water, and teeUd for protein concen- 
tration by aheorbance at 2B0 nm {corrected for absorb- 
■see at 260 nm [31]). Radioactivity wee determined 
by adding 2&.pJ portiona of these dilution* to 6 ml of 
Aquaaol fNew England Mudear Corp.) and counting 
in a Packard model 2425 liquid ecintiUation counter 
(Packard Instrument Co . Downere Grove. OL). 
NADH ondeae activity wae measured as des cr ibe d by 
Oaborn et el (26) tod waa related to protein concen. 
tratwn, which waa determined by a modification of 
the Lo wry method 06). 

Supernatant LPS. For aeeeys of the LPS 
tratioiw in culture eupemetenta, 5 oil of culture fluid 
waa centrifuge* at t2.000 x g for 10 min at 4 # C, and . 
the supernatant wae recentrifuged. The upper l ml 
was renewed far aaaay. This procedure produced a 
reduction is viable bactarial counu of & 10* -fold and 
left fewer than 10» viable cella per ml in the euperna- 
tanc Thie number of cella did not interfere with the 
radioimrnipHieaeey, For ajulyaea of the LPS in euper- 
natant fragments from iso topically labeled culture*, it 
wat neoeaaary to eliminate rendu*! cell* from 40 to GO 
mJ of *wpertiatwit by fiitnition (QA$~pm filler, Sybron/ 
Nalga, Rochester N Y.) Culturea of the filtrate were 
sterile. The concentration of LPS measured in the 
fUUrate by ndtammunossaay wae equal to that found 
in the ctmthfufed supernatant, indicating that there 
waa no loss of LPS onto the Miter. Membrane frag* 
menta containing LPS were then precipitated from the 
filtered supernatant by adding 2J2 volume* of *etu- 
rated arnmotriurn sulfite (final concentratioTv 
This procedure quantitatively removed LPS from the 
aopernatant and allowed complete recovery of ra- 
dioimmunoassay activity from the precipitate. The 
predpitatea were euapended m sucrose- HEPES and 
layered onto sucrose gradients for ultraceotrirufation 
in parallel with membrane fraction*, aa deecribed 
above. 

fiDS-PACS. Pciyecryiamide (8%) tube gel* con- 
taining 1% $DS were prepared and run by the method 
of Fairbanks et al (5), aa modified by Jann et al <9>, 
Samples were soiubilked in digeatkm buffer (9) by 
heating for 8 min at lOO'C. After electrophorteia, gels 
were cut into 2-mm tikes, digested with 50% Hid, 
and counted aa previously described (20). Sutb gela 
contained polyaeryisn&ide (6 to linear gradient) 
and 0.25% hi#h-tnolecular*weight polyecrylamide (no. 
29788; BDH Chemkaia, Poole, EnsWi>; other re- 
agenta wore aa deecribed by Fairbanks et ai (5). A gel 
overlay (5% polyacrylamide) waa added for loading the 
temples. Slab gela were run at a conatant current (10 
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mA) until the pyronin V dye juat retched the bottom 
of the gel (20 to 22 h). Staining of gela with periodic 
add-SchUT reagent waa performed aa described by 
Fairbenfce et al ($), and auorpaxaphy waa by the 
method of Bonner and Leakey 13). 

RESULTS 

Outer membrane preparation. We found 
that preliminary centrifiigatton in the presence 
of EDTA reduced inner membrane and nucleic 
acid contamination of outer membrane prepa- 
rations <4). Isolated outtr merotaanee from 
•train G-30 had an apparent bouyant density of 
1.22 to 1.25 a/ml contained more than 66% of 
membrane [^galactose, and were deficient in 
NADH oddaae, an inner membrane marker 
(Fig. 2). Theae finding* are characteristic of 
outer membranes from 5. typhimunum (26K 
Similar results were obtained! with strain SL 
3533 cells labeled with [*Hlgalactose and 
[^jmannoee; the gaiactOM-mannoee ratio was 
constant throughout the gradient (data not 
shown). 

SDS-PAGK analysis of LPS composition. 
Hie basis for this approach waa the observation 
of Jann at al. <9f that the mi gration d istance of 
an LPS g aWAOM la o£fclv reEtecTB the 
percentage p i Ltpid a in me LPS moIecuETWhen 
we studied [ ff H]galactose-lanered s&rain G-30 
LPS by using the tube gel system of Jann et si. 
($), we found three major peaks of activity (Fig, 
3A). We expected (from the work of Jann et al) 




Fig. 2. Outer membrane preparation. Membrane* 
were prepared ond peparattd by aucroae gtodwsnl 
ultracentrifugati&i 04 de&ribed in the text. The 
arose hatched OOJtei indicate NADU Gridae* arCua'- 
ties in fraction* pdoUd from the peak* of protein 
concentration; bar$ indicate etemdard deviation. 
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Fig. 3. (A) Tube S&S-PAGE of f'HJgaloctose-lo 
beted atrain G The top of the gel is on the left 
The Roman numerals indicate the three major pea** 
of radioactivity (for the quantitative comparisons de- 
scribed in the texu peak lit Included fraction* 31 
through 47)- Thm arrow shows the pyrvnin Y dye 
front. <B, Tube SV&PAQE of (•ffjgaloetoee- and 
( l 'C)mannom*kteledstrut*$L3$n. The'Nand^C 
counts per minute (corrected for background and 
channel (piliwer) were normalized to let the counts 
in gel slice 13 (peak ID equal /.a Ratios of l H to "C 
tvert calculated from the actual corroded counteper 
minute in each get slice. The short arrow indicate* 
the dye front. The absence of [ x *CJtnanno$e (O) from 
the fastest-migrating peak of PWg?l°**oem activity 
(•) indicates that this peak contained only Rcort 
LPS (long arrow). (CJ Tube SDSPAGS of f*HJg* 
lactose and f u C]glueosamms labeled atrain PR 133, 
Radioactivity measurement* b*rt performed as de- 
scribed above for (B). the arrow indicates the dye 
front. The "C-tabeted material at the origin (top) of 
tht gel probably represents peptuiogiycan, since pep* 
tidogfycan contains glucosamine and does not mi- 



that the fastest-migrating LPS would be R-core- 
Upid A, but the radioactivity profile in the gel 
was quite irregular, suggesting that more than 
ne LPS specie* might be present. We then 
studied strain SL 3533 labeled with both J*H]- 
galactoae and ( u C]znannose, Tube SDS-PAGE 
of double-labeled outer membranes (Fig. 3B> 
showed that the ratio of 3 H to U C increased with 
increasing migration distance and that xnannoae 
was not present in the fastest-migrating peak. 
This behavior would be expected if only core 
LPS were present is the faateet-migrating peak, 
since core LPScontains faJactose but pot man- 
noaaJFig. 1). The o bserved ratios of "ri to U C 
a long the gel are consistent with the addition o f 
a repeat unit which contain* mannoee and a a> 
la ctose ta a core which contains only galacto se. 
At the top (origin) of the gel* there was little 
variation m the inanno^gaJactoae, ratio, tbee 
the Kong Oneida chains minimized the contribu- 
tion of the galectoae<ont*wiing core. Finally, we 
studied the incorporation of glucosamine and 
galactose in strain PR 121 Tube gel analysts of 
double-labeled outer membranes (Fig. 3C) 
showed that gluc o s amine was present primarily 
in peak UI; since in corporation of glucosamine 
int o LPS is independen t of Q^Hh»^ fc/igfo, Hiia 
obser vation indicates that this strain pxeferen - 
t lauy makesTPS tnnl *cyi«> with r^fr v*i Y J^t 
(JJgajga. The radc"of [ J H JgaUctoae to [ 34 C)#u- 
cosamine (which provided an estimate of the 
ratio of 0 -chain plus R*core4o R-core plus lipid 
A) decreased with increasing migration distance 
along the gel. This dnding again indicates that 
migration distance in this flystcm is inverse ly 



related to fH»5 poiyftaccharide co ntent/ 

'them results were corulrm^and extended 
by gradient slab SD&PAGE. This technique 
resolved $. nxinnesota core LPS molecules 
which differed in sice by only two to three sac- 
charides (Pig, 4A) and demonstrated, a large 
series of bands for LPS extracted from strain G- 
30 cells grown in the presence of galactose. The 
Gr-30 bands were present on gels stained with 
periodic edd-SchifT reagent and on flubro- 
graphed gets, and they were oosarved with pur- 
ified LPS, outer membranes, and supernatant 
blebs. They did not stain with the Coonoaasie 
blue stain for protein. The faate*t~migmtuig-G- 
30 band co migrated with Re S. miruieeota LPS; 
this wss not expected (gsJactca^-containing core 
ahouldb« RaorRb[Fig. 1]), and the explanatibc 
for this result is not known. Differences between 



grate into SDS-polyacrylamide gels (20). Symbols: 
#>, {*mgnlactoee; C, f"C] glucosamine. The ratio of 
*H to U C decreased with increasing migration dis- 
tance (see text}. 
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the ^preparations Included the kind of growth 
medium and tb« method of LPS extraction (see 
•bcve). The strain 0*30 band. S?SS«E 
fL^^L** ^ Pomona, correspond 
.""2.^ observed with tube SDS- 

j^S , PS dDwWa I*** 1 "* with f H Jgaiactose 
««d rCJmannose (Fig. 5); only traces of ra T 
nose were present in the faatest-migratin* band 
as previously noted in the tube gel analysis 

. JKi? P ? 122 Was wi* "-•«- 

tyn H]gJucosamine in the absence of exogenous 
galactose, almost all of the radioactivity ap- 
peared in * «ngle band at the bottom of the. ae! 
A» ™P"f"^J*b«led Rc LPS (Fig. 6. lan& j 
ana A band of radioactivity also remained at 
the top of th« gel. which is consistent with the 
inrorporation of ^.cetylglucosamine into pep- 
Udo^ycan (20). In a simile Ubeling experin£nV 
the addition of nonradioactive galactose allowed 
the coJJipletjon of the R-core and the synthesis 
of Q-chain* k , that gluccaamine-labeled bands 
appeared which migrated more slowly than the 
completed R-core (Fig. «, lane 3). When the 
w « P*M *»th [ a H]gel*ctose in- 
«tead of glucosamine (Fig. 6. lane 41, the labeling 
pattern was identical to that found with the 
golE mutants shown in Fig. 7. The findings with 
grad entSDS- PAGE are thus nJEglSh 
the tube gei results. In both gel systems, the 



The stabJity of the banding pattern to treat"! 

that Shi ™i,T fM roBde * ■«« £5 

it m ?U*i >1 * bMd8 we « WtifactuaHy «. n . 

rented at the top (origin) in both^T™ 
(data not shown). This ot^rvstion prWd™ 

|Q5d£AGE requires ft^ TipifLAE^t 
* on t« Jt ^<» bands observed^nff 
dient SDS-PAGE were present In LPS *aL 

a treatment which releases O-polyaaccharide 
from the carrier lipid to which it SdS 
O^hsan .ubunit polymeria^ : ,SeS 
i^T, * d °,T migrate in these gels wiffi 
d»at« m O-ch/un synthesis could account for th- 
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Fiq 6. SDS PA GE anafyeia ofetrain SL 3833 LPS 
labeled with {*HJgalactoee and p^Jmannoee. The 
orientation of the gel woe (he same as in Fig. 4. The 
gel woe cut into tuo part*: pert A woe ftucragraphgd 
to detect *H and l *C in the bond»> and part B woe \ 
autaradiagraphed to delect J *C only. Lane$ I end 4, 
Outer membrane* ofSL 3S33 labeled with f*H]galac- 
tone and [ u Cfmannof* 04 described in the text; tanem 
2 And 3> ( XA CJmetnn6$e^beUdSL 1030 LPS (phenol 
water extract). Sole thai onfy (*HJ galactose woe 
ptvaent in the fastest-migrating hand (lane 1), 

multiple bands observed with phenol-extoaeted 
preparations. Finally, the multiple bands were 
also observed when strain G*30 cells were grown 
with [ a H]galactose for one generation, Folio wed 
by two generations of growth with a 20-fold 
excess (1 mM) of nonradioactive galactose. Fail- 
ure of the bands to ''chase" into LPS with longer 
O -chains is again evidence that the banding pat* 
tern represented completed LPS. 
As shown above, the fastest .migrating labeled 



demonstrated in the core region made it likely 
Chat each band on the gradient gel contained 
LPS molecules whkh differed in sue from those 
in adjacent bands by one O-chain repeat unit 

wjwNjw wii canfinp&d fry T u gfffi 

nkimuruim SL 1034- ■ muta nt which a tt ache 
only one 0-chain repeat unit to core l*r *s. LPS 
exacted from Si* iflW cells produced only one 
band nf periodic acid-Schiff stain-positive ma- 
terial, which wee in a gel position that corre- 
sponded to the position of LPS containing a 
single 0«chain repeat unit (Fig. 4B), Thus, tt *a* 
possible to determine from the bands in the 
gradient gels that tube gel peak HI contained 
LPS with 0 to 16 repeat unite and to estimate 
(by extrapolation) that the average number f 
repeat unite in peak 11 LPS wae 28 to 30. 

Although the evidence presented above tug- 
gaste strongly that peak I contained LPS mole- 
cules with ver y long O-chain* (constant m an* 
ncaa-gsJactose kb o.T ugh gaU(^?eey^uccaami ne 
rat>o>alow migration rat e), the number of repeat 
unfta present in peak I LPS could not be esti- 
mated accurately from our gels. The distribution 
of LPS into peaks I and 11 was somewhat van* 
able from experiment to experiment! even when 
the same medium and bacterial strain were used. 

Multiple periodic scid-Scbiff reagent-stained 
band* were also found in LPS extracted from 
clinical isolates of S. typhimurium {Tig, 48), 
Satmonciia typhi, and £ ccli (data not shown), 
indicating that LPS.sto heterogeneity is t not 
lirnjfoc} \p the conditional mutants used for tae ee 
e xperimen ts. 

Supernatant LPS. The release of LPS (O* 
antigen) into culture supernatant* by S. typhi' 
murium G-30, es measured by radioimmun as- 
say, increased as the exogenous galactose c n- 
centra tion increased over the range 0.05 to 0.6 
mM (Fig. 3). The small amounts of 0- antigen 
released by cells growing without added galac- 
tose may have been derived from traces of ga- 
lactose present in PPBE .(21) or from minor 
leakiness of the gcUE mutation in this strain. To 
assure uniform incorporation of [*H]gaiactose 
(present at a concentration of 0.7 uM) while 
allowing accumulation of sufficient amounts of 
supernatant LPS fox subsequent analysis, a con- 
centration of nonradioactive galactose of 0-1 tbM 
was arbitrarily chosen for the labeling experi- 
ments. Under these conditions, supernatant LPS 
contained 0.6 to IA% of the radioactivity incor- 
porated into cells from the same culturee (four 
detanninationa). Similarly, ttrein PR 122 cells 
were labeled with [^glucosamine in the pres- 
ence of 0.08 mM nonradioactive D-glucnssjnin« 
and 0.08 mM D -galactose. Supernatant LPS con- 
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12 3 4 

6. Gradient SDSPACE of ptrain PR m 
(galB nagj labeled with N*cet)l-[*N)glu<o*ajnine or 
I HJgo£acto$e> The orientation of the gtl woe the 
tame as in Fig. 4 and G, Lane / contained outer 
membrane* of PR 122 labeled with N acetyl. [ % H}gUt> 
coe&nint in the absence of exogenous galactose; 
250,000 epm wa$ loaded Lane 2 contained 2S.0OOepm 
of the, mox* preparation. Lane 3 contained 250,000 
cpm ofN- QCttyl~{*HJgkicotturt*ne- labeled outer mem * 
bran* from tfftun PJt 122 <*U* grown w the presence 
of 0.0$ mM n^nradwactioe D -galactose. Lane 4 con* 
tained 250.C00 gyn of pHJgaiactow labeled outer 
membrane* framcells grown in the presence of 0.08 
mM nm^9dioactwe figalactcue. The heavy band at 
the top iff lane* /. % and 3 represent* labeled pepti- 
dagfycan, in the abutter of exogenous galactose 
flanes 1 and 2), radioactive gUcaeamine w*xs found 
in a tingle band at a migration pcxJi&n consistent 
with that of J2c LPS fin lajte I, the minor banda 
probably represent larger LPS moleexUs eynthesUed 
from trace* of galactose in the xttdium). 'When ex 
ogenou* galactose was presei\t t ti-tot-r and 0 chain* 
were synthesized, and the distribution of radioactive 
glucosamine reflected the number of molecule* of 
each LPS sire specie* (lane 3); only tract* were 
pf taent in the tippet parte of the gel corresponding to 



tained approximately 0,5% of th* radioactivity 
incorporated into cell* 

Sucrose gradient ultrtcenairugatioo of radio- 
labeled ffupernaLant LPS revealed a fliagte p* a k 
of 'H activity. The peak denaity varied with 
different p^paradooe, pofiably hecauee of dif* 
ferencea m the aggregation of toarnbriuie frag, 
meat* with media cenetitweata, but it was never 
mora than 1.20 g/mL ^ ' * 

Compajriaon of outer meinbraj&e and su~ 
pematam LF# tiompoeitf on*. Since th atruc- 
ture of lipid A-R-cqt* does. not vs»y with the 
addition of 0-chain repamt units, the extent of 
{■btUaf of etrmin PR 122 LPS with N acetyl 
I h]glucoe*iame should provide an eetonate f 
the number of LPS moiecuiee in each fi&e cate- 
gory. A comparison of the supernatant feag. 
mente and outer mexobrsnas which were radio- 
labeled with ^-«<^4^]^cc*amin* did not 
demonstrate a ooaaiatent difference 4ti the dis- 
tribution of radioactivity into peal* n and m 
<tube SDS-PAGE, Table 1). It waa not poenhle 
to measure the radioactivity incorporated into 
peak I becauae of thecont&oinatiQQ of this peak 
in outer membrane f els with gfoccwnine*la- 
beled p?pt&doglycan (Kg. 3C);*nd;the number 
of count* in peak >0 we* Jew. TSiia, we used 
attain G-30 Ubeled with^I]gal*ctooe for a aim* 
Uar anaJytie (Table 2)\Thb approach suggested 
that nyernatant foments Vcre «% htlv en- 
ri ched in the amouaoj } of radioa ctivity mccrpo- 
r ated into icng-V-chqm U!T "(pl5B I and II) 
relative to ahort*u^£ffih LPS (peaic WL). The 
dir^ctiori of the difference was cbneiatent (in 
each of five ccKpaxiaona, sruperaatast fra^m*nte 
had a grreater percentage of count* m peak I and 
II LPS; P m o,031 unmg a oao-tadled WiJccxon 
$%ned-rank fcwt). However, the quantitative dif- 
ference* were email and variable (1-75 to 
11-25%). Moreover. salact^Ae labdm^ esnpha- 
sized the quantitative influence of a enrud] num- 
ber of moieculea (thoee which contained ttmiy 
(Wuun repeat onite). In boOi of; the above. 
deecribed experiment*, an tnepeci4on of the tube 
gel profile* did not reveal auntie 4uferoncea in 
the compoaiUctw of peak £EI in aupematant frag- 
ment and outer membrane LPS, although such 
difference* were euggeated by alab SDS-PAGS 
of theae prepare tiona {Fig, 71 We c&gc jude th^t 
gupematant LPS ia ^probabjy flwehed^in uaoTe 
i withTong 0-chaJna, aithoughlhe nuraioer 



peaks I and II. When cetie wen labeled with rwstio- 
aettoe gataetomc. the distribution of radeoattwity n 
fleeted the present* of gaJactoee in both B>cort mid 
O chaui repeat unit* (lane 4) and was identical to the 
distnbatwh of radioactivity found wjM galactose- 
labeled ttrain G*d0. 
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Pic. 7- SD3-PAGB companion of outer mem 
hrane and supernatant LPS. Prtparatkins from two 
separate experiment* are shown. Lanes I, 2 t and 3 
contained outer membranes, supernatant blebs, and 
phenai- water extracted LPS, respectively, from S, <y- 
phimwium GSO gram with rHJgoIactoss os de- 
scribed in the teM; 20,000 cpm of fach preparation 
was loaded. Lanes 4 and $ contained outer mamhr one 
and supernatant LPS, respectiusty, from a different 
experiment; S&OOQ tpm of each preparation was 
loaded. For fhtorogrpphy, the prepared gtl was art 
posed to X-ray film fof 3 «wU In each experiment, 
supernatant LPS appeared somewhat depleted in 
LPS with ehort O-ohain* end enriched in LPS with 
long O- chains 

of molecules which accounts for this difference 
is small 

DISCUSSION 

LPS synthesis in S typhimurium has b*en 
investigated intensively (22, 24). The R<gr« is 
made op the in ner mcrabra a * by stepmae c j gli- 
tiqnof sugars to^t^eqxyo^afi^b t)iJ A/£ yn » 
- t£*a,Ml frf ^• potysaccharitie ' cccufa independ ently 
f*^ ot lipid A-fccore 'ayntff tfaa; oligosaccharide re- 
peat units* formed onCw polyisoprenoid lipid 
carriers are polymemed on the inner membrane 
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Pic/ S. Accumulation of LPS (0*antigenj in «#/. 
tare supsrnatants of 3. fyphimurium 0-90, Strain G> 
30 ceils were grown in Sfrnd PPBE culture* contain- 
ing different oontmtrations of a -galactose. The 
growth condition*, preparation of supernatanta, and 
LPS assay wort as described in the text. Growth was 
stopped at a cell density of 5 x J0* uiabk celts per ml. 
Each point U the aixrage of nan determinations. 
Accumulation of O antigtn in the culture superna- 
tant was dependent upon tf-galactat* <»nctntr\%tior\ 
ooer the range studied 



Tasub I* LPS sue distribution in outer membranes . 
and supernatant blebs q,'S, typhimumm PR 122" 
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* Oil* were labeled with [*H}aaJ*cio*e ma <Wribwd in tb« text. For detail*, mm TaM* 1, fcotztete a. The 
distribution of OOunU into peaks Z *nd II varied firotn «xperimOTat-to ttipenm«i£t; for simplicity, thaw eounU 
were aummad end compared with the ccmnto io peak III. S. Supernatant OM, outer tnembnuw. 
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into G chains. Transfer of the completed Q»&id e 
c hain to the R»cqre (the u*aae reaction) «?S^ 
iQ ^^TT^'tmngSTtioR of the completed LPff to 
thfej jWMr f flteiiabra ne. lYajaalpcation ia irreverav 
bieWaomewhat nonspecific, since R-core UPS, 
as well as complete (O-antigen^ntaining) LPS, 
may be tranaferxed. Once LPS molecu les 
a re pr^nt in the outer ryffiiM^ Ay 
n c orot>ieie<^ bv one addition Q»«We chains 
{19, 25). Yrajyf^catiQD appears to involve mem * 
brane sites which overlie tones of aatftaaaion b e- 
twe en theinner and outer mcm& rancai tig). * 

Heterogeneity ia known to occur at several of 
the steps in Salmonella I*PS synthesis, includ- 
ing polytaeruation of 0-chain repeat unite (22 t 
57), Previous worker* have analysed the lengths 
of O'polyBaccharida chain* by using gel filtration 
(9) or method* (ag M raethylaticn) which deter- 
mine the number of end groupe in a population 
of isolated polysaccharide molecule* (12» 13, 23)- 
Estimates o* the average g„ ^fpt§mnn»an 
c hain length u> a variety fff ftf*™ 
from 4 <13; 23j> to 8 to 10 (13) repeat uni te. These 



method*, which require isolation and purifica- 
tion of the O polyBnccbaride before analysis, do 
not identify small differences La (/-chain length 
within a large population of molecule*. In con- 
trast, the SDS-PAGE gradient method d«- 
acribed here separates LPS molecule* differing 
in as few aa two or three saccharides {as oboervod 
for S, miruu&ola JWor? LPS [Fig. 4A])„ ami U 
can be used to analyt* the LPS in a variety of 
starting material* labeled or unlabeled- .Thie 
method should be useful for further study of 
LPS synthesis in vivo, a* it allow* simple reso- 
lution of LPS molecules of different aires (2). 
Similar conclusion* concerning LPS size heter- 
ogeneity have been reached recently by workere 
using discontinuous (Laemmli) gel systems (7 t 
27). Our results differ firotn the results of theee 
invaatigatora in two ways. First, we did not find 



the d oublet hands whSch w^e pre se nt in th e 
diacontinuoufl ^gla. These authors consiaered 
several expknattons for these doublets, which 
seemed to differ in composition depending upon 
conditions of LPS storage (7), Our reeulta sua;- 

f 
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gest that a comparison of the two gel system* in 
which the same preparaei ns are used may help 
salve this problem. Second, our gel* were auiU* 
ble for staining with periodic acid»Schiff naagent 
Although thia method gave poorer resolution 
than autoradiography or fluorography; band* 
ware sufficiently distinct to allow study of non- 
radioactive preparations. 

Our analysis indicates that, under the growth 
condition* used in these experiment*, Sitfifhi- 
m urium make* LfS molecu/— nf m an y pi** 
L g9 wltft ahort 6>chaina appear to be ay the- 
siaed praffrrentaaliv. at least In the mutonU stud- 
ied. The striking «Ue heterogeneity was not an- 
ticipated. Among the poasible explanation* are 
(i) ayntheaaa of different O-chain length* at dif- 
ferent t>hasaa of arowth or in different regions of 
toplaamk 
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the cytoplaamic membrane, (ii) nonselective 
: l ymerase or ligaae or bo th and (iii) ayntheeia of 
di fferent O^ain length* by different fcellaTn th e 
cultur e (bih Although our data do not distin- 
guish among these poaaibilitiea, we also found 
size heterogeneity in LPS from a clinical isolate 
of $■ typhimarium, thua, it ia unlikely that this 
phenomenon ia limited to the mutants used for 
the present experiment*. . 

Several etudiea of outer membrane aseembiy 
have used and bodies to O-antigen to identify 
newly ayntheaised LPS in uridine diphosphate- 
gaUctoee^-epimerw-defkuent mutant* of A iy* 
phinturium (IA, IS), Newly rwntheaiied LPS *p- 

, p eayed on bacterial surface* in patches or cTua* 
:^^^-t grs Which were adjacent to apparent tone* of 

V s * ^^h*** 0 ** between inner and outer membranea 
Our estimate* mentioned above, made by mi ffing 
similar etwuna, indicate that moleculea with lon g 

mem* 

bjg&O&JLES. Since long-O-chain LpS offer more 
antigenic site* for antibody binding than abort- 
O-chain LPS, the obeerved surface patches may 
not indicate bulk LPS tranalocatk>n at theee 
sites, but rather tnwalocation ah** for LPS with 
long O^chaina. In any case* «{*a hatftTrff***!^ 
of L PS in outer membmnea indicatea that theae 
ba cteria translocate moleculea of many 
aia ea trom inner membrane* to outer mem* 
branea i^e translocation fnecluinifinj(«> thua 
may be multiple or to have little fixe specificity. 

There ia evidence that supernatant blab* ariae 
from specific outer membrane sitae; aeeuggeeted 
by Witholt et el for £. cold, poaaible sitae o f 
orig in for supernatant blebe anciuga membrane * 
rendered yeflu^ danl at septum formation (ce U 
divisiqnh areas of m, emhiy nf d eficient in mu * 
rein 7 lip^D T rn^ln | and site* of insertion of new 
LPSJnJto_ quter membrane* (8, ifr. We antics 
pa**d that the supernatant fragment* might be 
enriched in LPS molecule* with long C'-ehaiiu, 
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*ilK» the long hy drophilic polysaccharides might 
facilitate the release f LPS frem the outer 
membrane into the aqueous environment. We 
compared outer membrane and supernatant 
fragment LPS in two S. fyphimunum strain*. 
The results of these experiments are consistent 
with the conclusion that sup ernatant LPS ar e 
p robably enriched in lon^Q-chain LPS , sl- 
thougk uie numoar oe moiecuiee which account* 
for this difference k small It should aiao be 
noted that strain* with only core LPS structure*} 
shed membrane fragment* 41). Indeed, it aeema 
that 5. fyphimurutm may shed membrane frag- 
ment* by more than one mechanism (or from 
more than one site); the supernatant fragment* 
studied here would then be a mixture of such 
fragment*, and the LPS composition* observed 
would reflect the contribution of different com- 
ponents of the mixture. Our attempts to aep are t* 
eucb component* by density gradient ultrncen- 
trifug* t>on were not succee^ful, however. 

Haas* findings may be important for an un* 
dentsndmg of the pathogeneaia of infection* 
caused by thia bacterium and otlier gram -nega- 
tive bacteria. Both outer membrane and super- 
natant membrane blebs contain lipid A, the toxic 
moiety of LPS. Since O-poIysa^ciiaride* extend 
, from the bacterial surface into the surrounding 
environment, the obeerved heterogeneity of 0~ 
chain length* suggest* that t he surface tonofra * 
nhv of theae cell* may he Quite im^Ur > * nt * » I 
that th* aweaflihilfcv (naf^ ff^T^ 1 n * ^ 7*1 
li pid A fffflf ty ffrabftMY diffem for dUgereht *urX /\ j 
fa ct? region* or far different c ella. It Is reasonable 
te^wrpect that these difference* may influence \ 
the biological activity of LPS by modulating ^pj 
hoat^lipid A interactions. ^ 

W* (honk l*oe Kkfl«U uul Smil Ottthlitfe fc? c«jn»(y wd 
WltM 9w*w*jf d th» mmamaipl and Jcmiii R«iA£h tt* titti** 
tkal f^A H«9dUr, <X Bry«a HollAcd* C. <Bmeu 

aiaciH% and ThoaM* Smtth H9nm%>a&y pnmM 
f*> om eepwmeta. 

T%» wort mm weppMVd by PuMk K«elth Sorvka V«un« 
Za^anaator Oram Al- £rea tee NAdeaal huttou* of 
AKwgy aad lafoctww Dta iM— <fc M>) and Vtahms^A Sw- 
vioea Uoiwraity & H*UU» &cto*xm treat RC730Z (P. &)> 
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